D-Glucosamine (GlcN) inhibited hyphal growth of Pyricularia oryzae P2 although it did not inhibit germination of conidia. The degree of inhibition varied according to the sugar, being the highest in the case of sucrose and the lowest in the case of glucose amongthe sugars tested. Uptake of GlcN was severely inhibited by glucose whereas uptake of glucose was not inhibited by GlcN. Glucose was the most effective amongthe sugars tested in the inhibition of GlcN uptake. GlcN caused morphological changes in both colonies and hyphae. The most characteristic change was a swelling of hyphae. Analysis of cell walls indicated that the cell wall of swollen hyphae contained morethan twice as muchN-acetylglucosamine and smaller amountsof other sugars as those found in normal hyphae.
Recently, a wide range of mutants of filamentous fungi have been isolated and some of these mutants have been used to study cell wall The objective of the present work was to study the effect ofGlcN on the growth and cell wall synthesis in P. oryzae. Analysis of the cell wall synthesized in the presence of GlcN revealed that the wall composition had been altered considerably.
Studies on this phenomenonmight give us some clues for elucidating the mechanism of cell wall synthesis in fungi.
MATERIALS AND METHODS
Organisms and cultural conditions. All strains of P. oryzae were originally obtained from the National
Institute of Agricultural Sciences, Tsukuba, Japan. P. oryzae P2 was allowed to sporulate on Misato's medium15) for 2 weeks at 28°C. A conidial suspension from a slant was poured into 100ml of Vogel N-sucrose medium16) and kept at 28°C with shaking for 48hr. After cultivation, 5 ml of the culture was transferred to 100 ml of the samemediumand the organism was allowed to grow for 24 hr with shaking. The procedure was repeated several times and finally young mycelia after 16hr cultivation were harvested by centrifugation. Sugar uptake assay. Youngmycelia after 16hr cultivation in Vogel N-sucrose mediumwere harvested rapidly by vacuum filtration, and washed with deionized water. One g (wet weight) of the mycelia was suspended in 40ml of 50mM phosphate buffer (pH 7.0). All assays were conducted at 30°C in an L-shaped test tube fitted to an incubator with a shaking device (Monoshin, Taiyo Kagakukogyo, Tokyo). After about 5 min, for the mycelia to equilibrate, the assay was initiated by the addition of 10ml of radioactive sugar at a specific activity of 20 /iCi/ mmolwith or without competing unlabeled sugar prewarmedto 30°C. For the sugar uptake assay, the final sugar concentration was 10mM.In all cases, 5 ml portions were withdrawn periodically, rapidly filtered through a glass fiber filter and washed with deionized water. The mycelial pads were lyophilized, weighed and transferred to scintillation vials. One ml of water was added to disperse each sample, which was then counted in 10ml of scintillation fluid (toluene scintillator-Triton X-100, 2 : 1) with an Aloka liquid scintillation spectrometer (Model LSC900). Sugar uptake results are presented as cpm per mg of mycelial dry weight.
Assay for mycelial invertase activity. Young mycelia after 16hr cultivation with shaking in Vogel N-sucrose mediumwere harvested rapidly by vacuum filtration and washed with deionized water. One g (wet weight) of the mycelia was suspended in 100ml of 0.05 m sodium acetate buffer (pH 5.6) prewarmed to 30°C, which contained 1% sucrose as a substrate. After incubation at 30°C with shaking, samples were withdrawn periodically and the mycelia were removed by filtration. The clear filtrate was analyzed for liberated glucose by the glucose oxidaseperoxidase reaction. 18) Cell wall preparation. Cell walls of P. oryzae P2 were prepared with a Dyno Mill (Type KDL, Willy A.
Bachofen Manufacturing Engineers, Basel, Switzerland).
Breakage of cells was observed under a phase contrast microscope, and conditions were chosen to achieve nearly complete breakage of cells. Cell walls were repeated washed by differential centrifugation until the preparation becamealmost free of cytoplasmic materials.
Hydrolysis of cell walls. The cell walls (5mg) were suspended in 25 n H2SO4(0.3 ml) and allowed to stand at 25°C for 8hr, the cell walls were completely dissolved under these conditions. Then 7.2ml of water was added to adjust the acid strength to In and the walls were hydrolyzed for 16hr at 100°C. After hydrolysis, xylose and inositol were added to the hydrolysate as internal standards. The hydrolysate was neutralized with barium hydroxide, and barium sulfate was removed by centrifugation. The supernatant was concentrated to dryness under reduced pressure.
Analysis of sugars by gas liquid chromatography. Gas liquid chromatography of sugars was carried out with a JEOL gas chromatograph Model JGC-20K apparatus equipped with a flame ionization detector. For analysis of GlcNby gas chromatography, the samples were acetylated to yield GlcNAc, reduced with sodium borohydride to the corresponding alcohol and then converted to the N-acetyl, O-trimethylsilyl derivative according to the methods described by Perry.19) A glass column packed with 3% Silicone OV-17 on chromosorb W was used at 170°C.
For analysis of glucose, mannoseand galactose, the samples were converted into alditol acetates as described by Misaki.20) A glass column packed with 3% ECNSS-M on Gas Chrom Q was used at 190°C.
RESULTS
Growth test on GlcN-containing solid media As shown in Table I were plated on YA-2%sucrose agar medium with or without 1% GlcN, incubated at 28°C and then observed under a microscope. As shown in Fig. 1 , GlcN did not inhibit the protrusion of the germ-tube but apparently inhibited extension of hyphae. Otsuka et al.,21) using 45 strains of P. oryzae, found that most of the strains could easily utilize glucose, lactose* mannose, xylose, arabinose, fructose and sucrose. In addition to this observation, we found that P. oryzae P2 could assimilate GlcN or GlcNAcas a carbon source added to the basal medium21* containing in- Fig. 2 , the higher the concentration of GlcN in the medium, the greater was the inhibition. In contrast to GlcN, 1% GlcNAc did not show any inhibitory effect on the growth of P.
oryzae P2.
Mycelial growth with various sugars in the presence and absence of GlcN Figure 3 shows the results when GlcN was supplied in combination with other sugars such as glucose, mannose, fructose and sucrose. Although P. oryzae P2 grew on YA mediumwithout added sugars, the growth increased on addition of sugars. GlcN inhibition was also observed when GlcN was supplied in combination with other sugars. The degree of inhibition varied according to the sugar, being the highest in the case of sucrose and the lowest in the case of glucose amongthe sugars tested.
In YA-2%sucrose medium, GlcN strongly inhibited the growth for the first 24hr, but after prolonged cultivation the growth attained a similar level to that in the medium without GlcN. This restoration was considered to be due to the hydrolysis of sucrose by invertase. To confirm this possibility, the amount of glucose released into the culture medium was measured using the glucose oxidase-peroxidase method.18) The amount of glucose in the YAmediumcontaining 1 %each of sucrose and GlcNconsiderably increased after incubation for 24hr. The maximum amount of glucose was 4.3 mg/ml at 30hr after the start of incubation. This value indicated that more than 80% of the sucrose was hydrolyzed. It is known that in yeast, glucose inhibits the synthesis of sugar fermentation enzymessuch as maltase,23) galactokinase24) and invertase.25) A numberof glucose analogues have also been studied to determine their ability to mimic glucose repression.10'11* To investigate whether or not GlcN inhibits the synthesis of invertase, P. oryzae P2 was cultured in the presence of glucose or sucrose and mycelial invertase was assayed. As shown in Fig. 4 , glucose-grown mycelia showed significant invertase activity to a similar extent to that in sucrose-grown mycelia. No inhibition of invertase activity was observed on the addition of 1% GlcN. These results suggested that invertase is constitutive in P. oryzae P2 and that GlcN does not affect the level of invertase activity.
Effect of sugars on uptake of GlcN The degree of inhibition varied according to the kind of sugar (Fig. 3) . This discriminative effect of sugars may be ascribed to the differences in the sensitivity of the GlcN uptake reaction to various sugars. This assumption was substantiated by the observation that uptake of GlcN was strongly inhibited by glucose, but only slightly by sucrose (Fig. 5) . Glucose was about twice as effective as mannose and about three times as effective as fructose in the inhibition of GlcN uptake. In Staphylococcus aureus, manysugars are transported by phosphotransferase systems.26) E. coli also transports a variety of sugars, including GlcN, by phosphotransferase systerns.26~28) The inhibition of GlcN uptake by glucose may be due to the inhibition of the phosphotransferase system operating for GlcN uptake. If a single phosphotransferase system promotes uptake of both GlcN and glucose, the inhibition should be the result of competition for that commonsystem. To examine this possibility, the effects of GlcN on glucose uptake and vice versa were compared. The uptake of lO mM-GlcNwas strongly inhibited by lOmM-glucose (Fig. 5a ). On the other hand, 46mM (1%)-G1cN only slightly inhibited the uptake of lO niM-glucose (Fig. 6) . These results suggested that glucose and GlcN did not compete for the same transport System, although the mechanism of this transport has not been clarified yet.
Effect of GlcN on hyphal morphology GlcN caused changes in both colonial and hyphal morphologies. As shown in Fig. 7 In P. oryzae P2, Maeda et al?9) found that 14C-GlcN was incorporated into a cell wall fraction and that UDP-GlcNAc was an intermediate. In addition to this observation, we found that P. oryzae P2 could assimilate GlcN as a carbon source in the minimal medium containing inorganic salts, biotin, thiamine and GlcN. The results presented in this paper demonstrated that GlcN inhibited P. oryzae P2 growth in YAmediumand caused morphological changes accompanied by changes in the chemical composition of the hyphal wall. In P. oryzae P2, the chemical constituents of the cell wall were reported by Nakajima et al.*0) They found that the sugar constituents were glucose (62%), mannose (4%), galactose (0.5%) and hexosamine (13%). As shown in Table II , our results indicated clearly that the contents of the cell walls grown with and without GlcN were different. The contents of glucose, mannose, galactose and GlcNAc in the cell wall from swollen hyphae grown with GlcN were 36.6%, 5.3%, 1.3% and 33.4%, respectively.
Although the precise mechanism of the GlcN inhibition in P. oryzae remains unknown at present, various assumptions maybe made to explain this inhibitory effect. It is unlikely that the effect of GlcN is the inhibition of sugar uptake since the growth inhibition was observed with media which lacked any normal sugar carbon source. GlcN may cause a repression similar to that exerted by glucose.
In S. cerevisiae, GlcN was reported to produce a repression similar to that exerted by glucose itself, probably as a glucose analogue.41} Alternatively, accumulation of certain sugar phosphate in the mycelium, which inhibits macromolecular synthesis such as that of RNA, might occur.
Maitra42) reported that in a mutant of S. cerevisiae deficient in phosphoglucoisomerase, glucose caused accumulation of glucose-6-phosphate and suppressed synthesis of RNA. In P. oryzae P2, we have not yet ascertained whether accumulation of a certain sugar phosphate in the mycelium occurs.
Another possibility is that GlcN may disturb the balanced synthesis of the hyphal wall be profitable for the study of wall synthesis and morphogenesis of fungi.
